A rapid yearly increase in the radiocarbon content has been detected for the period from AD 993 to 994. However, this event is supported by the 14 C measurements of only one cedar tree sample, and verification is necessary to confirm this event more reliably. For this purpose, this study measured the 14 C content in Japanese Hinoki tree rings corresponding to the period from AD 988 to 997 using the accelerator mass spectrometry system at Yamagata University (YU-AMS). The result shows a significant 14 C increase from AD 993 to 994, and is consistent with the previously measured data for the Japanese cedar tree. This marks the second case detecting an increased 14 C level corresponding to the AD 994 event.
INTRODUCTION
Galactic cosmic rays continuously interact in the Earth's atmosphere. Incoming cosmic rays collide with the nuclei of atmospheric gases and produce various nuclides and secondary particles (Burr 2007) . Nitrogen in the atmosphere can capture a thermal neutron, which is produced by cosmic rays, and 14 C is produced in the neutron-capture reaction:
14 N + n → 14 C + p
Subsequently, 14 C is oxidized to form 14 CO 2 and is absorbed by trees during photosynthesis as part of the global carbon cycle. As a consequence, 14 C content is retained in tree rings and can show a record of the past cosmic-ray intensity.
If an extraterrestrial high-energy phenomenon, such as a large solar proton event (SPE) in our Sun or a nearby gamma-ray event like a supernova explosion and gamma-ray burst, had occurred in the past, it is possible that the 14 C content in tree rings would record such an event. Two cosmic-ray events have been discovered as a rapid 14 C content increase within 1 yr in tree rings. They were found in the period of AD 774-775 (Miyake et al. 2012 ) and AD 993-994 ) using 14 C measurements of a Japanese cedar tree. Although the age of the second 14 C event is described from AD 992 to 993 in the original paper of Miyake et al. (2013) , it turned out that there was a mistake in the age determination (that is, two rings of AD 946-947 had been recognized as one annual ring including a false ring; this is further discussed in the Appendix). Thus, the second event should have been assigned the date AD 993 to 994.
After the discovery of the AD 775 event in the Japanese cedar tree rings, others have measured the 14 C content in other tree rings around AD 775 to verify the existence of this event. Usoskin et al. (2013) used German oak tree rings, and measured 14 C content in this sample using two accelerator mass spectrometers, i.e. MAMS (Germany) and ETH (Switzland), for the period AD 770 to 780 with 1-yr resolution. Güttler et al. (2013) used New Zealand kauri tree rings and German oak tree rings, and measured 14 C content in these samples using the AMS at ETH. Jull et al. (2014) have also reported the AD 775 event using tree-ring samples from the western United States and northwestern Siberia. They measured the 14 C content using the AMS at the University of Arizona for the period AD 760 to 800. Although there are differences in the 14 C content between these series, especially 1190 F Miyake et al. in the New Zealand series, which shows lower values than the others, a rapid 14 C increase of about 15‰ in AD 774-775 is evident in all the series. The New Zealand data are expected to be influenced by the Southern Hemisphere offset (Rodgers et al. 2011) . Even with the differences between the New Zealand data and the other data sets, all results are consistent with each other within the measurement errors. Therefore, all measurements reliably confirmed the AD 775 event.
On the other hand, the AD 994 event was detected in only one Japanese cedar tree . Although the AD 994 event increase in Δ 14 C is just 9‰, it corresponds to a significant increase of 5.1σ against the mean measurement error. Thus, it is best to confirm the previous results with data from other tree samples. It was therefore decided to measure the 14 C content in another Japanese tree around AD 994. This article presents the measurement results for the period AD 988-997, with yearly time resolution.
METHODS
The present study analyzed a Japanese cypress tree sample (Hinoki cypress, Chamaecyparis obtusa Endl.) containing 193 annual rings, obtained in Iida city, Nagano Prefecture, Japan (35°19′11″N, 137°56′02″E). Figure 1 shows the location of this Hinoki cypress sample as well as the location for the previous Yaku cedar sample on Yaku Island (Miyake et al. 2012 . The date of the cedar tree-ring sample (shown in Figure 2 ) was confirmed by dendrochronology.
For the first stage of sample preparation, each ring was sliced and separated using a knife for a yearly 14 C measurement. Since wood is composed of various constituents, cellulose was extracted from each sliced wood sample. For this purpose, a chemical treatment was performed in Nagoya University, which consists of an ultrasonic cleaning with water and ethyl alcohol, an acid-alkali-acid (HCl-NaOH-HCl) treatment, a sodium chlorite treatment (NaCl 2 O/HCl), and a neutralization. Fine 
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dust particles attached to the surface of the wood are removed by the ultrasonic cleaning. Some minor components can be removed by the acid treatment, and hemicellulose is removed by the alkali treatment. Lignin dissolves in the hot NaCl 2 O/HCl solution.
The sample preparation processing, including an oxidation (cellulose → CO 2 ), a CO 2 purification (process of removing impurities using cold traps), the graphitization (CO 2 → C: hydrogen reduction with Fe catalyst), and the AMS measurement were conducted at Yamagata University. The AMS system in Yamagata University (YU-AMS) is based on a conventional AMS instrument (Tokanai et al. 2013) . The 14 C content in six new NIST standards and two blank samples were also measured with the unknown samples. Details of the sample preparation method are described in Miyake et al. (2013) . The 14 C content (∆ 14 C) is calculated according to Stuiver and Polach (1977) . Table 1 Table 1 were consolidated and obtained by the weighted mean between day 1 and day 2. Figure 3a shows the plot of the new data. 
RESULTS
DISCUSSION
The new data from the Japanese Hinoki cypress tree, like the previous cedar data, show a significant increase in Δ 14 C from AD 993 to 994 (Figure 3a ) of 11.3‰ (6.5σ confidence level). The 14 C production rate to explain this increase in Δ 14 C can be calculated as (0.9 ± 0.2) × 10 8 atoms/cm 2 (assuming that the increase for the AD 994 event is 0.6 times larger than that for the AD 775 event). This increase corresponds to a 14 C production rate of 0.7-0.9 × 10 8 atoms/cm 2 . Miyake et al. (2012) calculated the best-fitted production rate for the AD 775 event by using a 4-box model (stratosphere, troposphere, biosphere, and marine surface) as 6 × 10 8 atoms/cm 2 . After that paper was published, Usoskin and Kovaltsov (2012) and Usoskin et al. (2013) revisited the AD 775 event and calculated a 14 C production rate for this event using other carbon cycle models. One of their models is a 5-box model, consisting of stratosphere, troposphere, biosphere, marine surface, and deep-ocean boxes. The biggest difference between their model and our model is the presence of the deep-ocean box, and a difference of the evaluations of the background 14 C level (Usoskin et al. 2013) . They concluded that the production rate is (1.3 ± 0.2) × 10 8 atoms/cm 2 , 5 times smaller than our result. However, the reason for the different result is their definition of the production rate. That is, the production rate was calculated as 14 C atoms/(πR 2 ), but they calculated as 14 C atoms/(4πR 2 ). If we used their calculation, our production rate becomes (1.5 ± 0.3) × 10 8 atoms/cm 2 , which is consistent with their result. Even in this case, the total global production does not change. Figure 3b represents a comparison between the new data represented by the dots and the previous data of the Yaku cedar . Although these two series show an increase in Δ 14 C of about 10‰ in AD 993-994, the agreement of each series is not so good (an upper probability determined by a chi-square test using the yearly Δ ).
It is known that the Δ 14 C data of the Yaku cedar tend to show lower values than that of the IntCal09 data (Reimer et al. 2009 ) during this 2000-yr period . This is likely because Yaku Island is surrounded by the ocean and affected by the marine low-14 C level gas. This explanation implies that the 14 C level in the Yaku cedar should be lower than that in trees in inland Japan. If this hypothesis is true, the Hinoki data must show higher 14 C levels than the Yaku cedar data. However, the results presented here reveal the opposite, that is, lower Δ 14 C in the cypress data compared to the cedar. There is no guarantee that the Verification of place where the Hinoki sample lived, shows a higher value than in Yaku Island because fully consecutive 14 C measurement data of inland Japan do not exist. Thus, although this difference may be due to a regional offset, more data are needed to determine the cause at present. In the future, the authors plan to investigate this difference by conducting multiple 14 C measurements of inland Japan samples. Even though there are some differences in the 14 C content between the Hinoki cypress and the Yaku cedar series, the gap from AD 993 to 994 is apparent and the AD 994 event is reproduced by the second tree. Therefore, it is concluded that this 14 C event occured in AD 993 to 994.
CONCLUSION
This study measured the 14 C content in Hinoki cypress tree rings from AD 988 to 997 to validate the existence of the AD 994 event. The measured result shows a significant 14 C increase of 11.3‰ from AD 993 to 994, and the increment is consistent with the previously measured data. This study thus confirms the existence of the AD 994 event.
1194
F Miyake et al. chronology of Yaku cedar (t = 6.56 [tBP; Baillie and Pilcher 1973] ), it was concluded that the age of all annual rings could be determined. However, the poor agreement betweem the rings of tree A and the master chronology after the AD 950s was confirmed by visually matching these two sequences. Two possibilities can be considered to explain this disagreement: an existence of a missing ring or misidentifying a false ring.
New survey lines were set in tree A, and ring width measurement was conducted. As a result, a false ring in the layer of AD 946 was found, and was proved to be an annual ring. Therefore, it is necessary to add 1 yr to the subsequent annual rings after AD 946 in the previous data set. The tree-ring sequence for the period AD 947-1150, which is supplemented by these data, shows a high t value (t = 6.95) when cross-dating with the master sequence. A continuous tuning between these sequences was able to confirm the visual matching.
